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Abstract
Sociality emerges when the benefits of group living outweigh its costs. While both males

and females are capable of strong social ties, the evolutionary drivers for sociality and the

benefits accrued maybe different for each sex. In this study, we investigate the differential

reproductive success benefits of group membership that males and females might obtain in

the promiscuous fruit bat Cynopterus sphinx. Individuals of this species live in flexible social

groups called colonies. These colonies are labile and there is high turnover of individuals.

However, colony males sire more offspring within the colony suggesting that being part of a

colony may result in reproductive benefits for males. This also raises the possibility that

long-term loyalty towards the colony may confer additional advantage in terms of higher re-

productive success. We used ten seasons of genetic parentage data to estimate reproduc-

tive success and relatedness of individuals in the colony. We used recapture data to identify

long and short-term residents in the colony as well as to obtain rates of recapture for males

and females. Our results reveal that males have a significantly higher chance of becoming

long-term residents (than females), and these long-term resident males gain twice the re-

productive success compared to short-term resident males. We also observed that long-

term resident females are related to each other and also achieve higher reproductive

success than short-term resident females. In contrast, long-term resident males do not differ

from short-term resident males in their levels of relatedness. Our results re-iterate the bene-

fits of sociality even in species that are promiscuous and socially labile and possible bene-

fits of maintaining a colony.

Introduction
Animal social systems can be defined as diverse patterns of social interactions and the resulting
relationships among the members of a society [1] or as a synthesis of the nature, quality, and
patterning of the relationships among the members of a population [2]. While sociality in
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animals is interesting to observe, it is a byproduct of individual strategies to optimize fitness
[3]. Individuals decide to join or form groups, when the benefits of group living outweigh the
costs [4, 5]. However, all individuals within a group do not gain similar benefits [6]. Individual
benefits depend on the size of the group, sex, age and social status of the individual [7]. Benefits
(measured in reproductive success) can also depend upon the time an individual spends at the
group. In barnacle geese, the duration of the pair bond determines the lifetime reproductive
success. Male-female pairs, which form long-term pair bonds, have a higher lifetime reproduc-
tive success than pairs forming short-term bonds [8]. Similarly, non-territorial males of the
greater sac-winged bat occupy harem-male territories in hierarchal fashion, where the hierar-
chy is determined by the time spent by males around the colony. Harem males obtain most of
the reproductive benefits in this species [9].

Certain benefits of sociality are also sex specific as males and females experience different
evolutionary constraints. While distributions of females and their interactions are dependent
on predation risks and resources, males segregate and interact in accordance with reproductive
opportunities [1, 10]. For example, in Assamese macaques, males derive social dominance
gains from coalitions, which enhance their reproductive success [11]. Similarly, among feral
horses, females form long-term bonds, which increase foal birth rate and survival, thus affect-
ing reproductive success of the females [12]. The investigation of sex-specific strategies is spe-
cifically important to understand the benefits of group membership in mixed sex societies [11].

Estimates of reproductive success and kinship are commonly used to quantify the benefits
of social associations, and together they form the basic indicators of mating and social dynam-
ics [2]. In many cooperatively and non-cooperatively breeding societies, kinship plays an im-
portant role in social organization and breeding [13, 14]. While kinship quantifies genetic
relatedness between individuals and may not directly indicate fitness, reproductive success in
contrast can directly quantify fitness consequences of individual-based strategies. In other
words, an understanding of the interplay between the genetic nature of social relationships
(kinship) and reproductive benefits can provide deeper insight regarding the evolution and
maintenance of groups [15]. For example, in baboons, females form strong social ties with rela-
tives. These bonds affect their possibility of finding coalitionary support, and consequently en-
hance their social rank and reproductive success [16]. In contrast, in male chimpanzees [15,
16], male Assamese macaques [11] and female feral horses [12] the coalitions are maintained
between unrelated individuals. In all of the above systems however, social bonds are strong and
can be maintained throughout the lifespan of some individuals. While such systems tend to be
well studied behaviorally, we know less about flexible, labile societies, in part because behavior-
al observations in such systems are difficult.

In this study, we made an attempt to understand individual strategies and the benefits of
group living in a flexible social system with high turnover of individuals. We studied group liv-
ing in the promiscuous harem-forming fruit bat, Cynopterus sphinx. Males in this species con-
struct tents and females join them. An association of a resident male with one or more females
is commonly called a ‘harem’. A colony consists of multiple harems along with solitary males
clustered in an area [17]. However, these harems are labile and maintained throughout the year
despite the presence of well-defined mating periods [18]. There are two periods of sexual activi-
ty in this species (February to March: dry season and October to November: wet season; [19,
20]) and parturition occurs between February to March, dry season and again between June to
July, wet season [20]. Reports suggest total natal dispersal of the weaned juveniles [17, 20, 21].
A high turnover rate of individuals at the colony is observed across seasons, with nearly 65% of
the individuals in each season being immigrants [21]. Females move between harems and colo-
nies, and males have no control over female movement [17, 18, 21]. Males do not obtain any
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reproductive benefits from maintaining harems [21], but the roost seems to be important for
social organization [18].

We investigated the benefits of flexible group living and the possible reasons behind the
maintenance of colonies in C. sphinx. We also investigated if males and females adopt different
strategies and gain differential benefits of group living. We did so by performing behavioral
and genetic analyses on a five-year (ten seasons) dataset consisting of tagged individuals from
the colony. Considering the lability of the individuals, we first divided our data set into two cat-
egories: individuals who were captured at the colony at least twice (i.e., they have a propensity
to stay at the colony and are likely to be loyal to the colony) were called ‘long-term residents’
and individuals who were captured at the colony only once were called ‘short-term residents’
(these individuals were never again captured at the colony and were most likely visitors at the
colony). We specifically tested a) if long-term residents have a higher reproductive success
than short-term residents, b) if there are differences between males and females in long-term
and short-term resident strategies, c) if the colony is formed by relatives and d) if the propor-
tion of related males and females differs in a colony. For our study species we predict that the
long-term residents may obtain higher reproductive benefits within the colony, when com-
pared to the short-term residents as they have direct access to reproductively active individuals
within the colony. Further, males and females might differ in their resident strategies, as males’
investments in maintaining a harem and colony are higher. Males construct the tents and
spend less time foraging than females to protect the tents [17, 18, 21]. They also display signifi-
cantly higher roost fidelity than females [17]. Further relatedness may play an important role
in maintaining harems within the colony. Previous work on social organization in C. sphinx
suggested that males and females within a harem were related [22].

Methods

Ethics statement
This study and the sampling were approved by the institutional ethics committees (Internal Re-
search Review Board (IRB), Ethical Clearance (EC), Biosafety and Animal Welfare committee
approval to BC dated 21–11–2005 Madurai Kamaraj University and Institutional Animal Eth-
ics Committee (IACE) to UR id UR-3/2009, National Centre for Biological Sciences). All sam-
pling sites are located on private property (GPS coordinates: CSA colony, 8.6380 N, 77.9580 E;
CST colony, 8.6310 N, 77.9040 E and SCH colony, 8.6310 N, 77.8990 E). We obtained permis-
sion from owners for our work. This species is classified under Least Concern category in the
IUCN red list. Besides, fruit bats are considered as vermin under the Indian Wildlife protection
Act (1972) and hence no permits are required to sample them. KMG, BC, DPS and SK per-
formed nonlethal tissue sampling for molecular genetic analyses. 4mm biopsy punch was ob-
tained from wing membrane (area where no major blood vessels were present) of each bat and
stored in 95% ethanol.

Field sampling
We studied the importance of group living in a C. sphinx colony at Samyathu village (8.6380 N,
77.9580 E) in Tamil Nadu, India. This colony is a part of long-term study on mating system
and social system of C. sphinx. Data collected for ten consecutive seasons from 2008 to 2012
were used for all analyses. Additionally two colonies located near the main colony (CST: 8.6310

N, 77.9040 E and SCH: 8.6310 N, 77.8990 E) were also sampled for two seasons in 2012. Details
of sampling are reported in Garg et al., [21]. In short, we used hoop nets with extendable alumi-
num poles to capture bats at the roosts. We captured bats approximately four weeks after par-
turition. By this time most females had given birth and the pups were old enough to sample
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but had not yet weaned. We captured the entire colony within two days. We performed a visual
census to determine colony size before sampling. Overall, we obtained data from five wet and
five dry seasons. Individuals roosting near the colony were also captured and sampled. These
additional samples helped us in the assignment of paternity with more confidence.

Microsatellite Genotyping
Methods for DNA extraction and microsatellite typing follow Garg et al., [21]. We used Ampli-
Taq Gold (Applied Biosystems) for PCR amplification for samples from seasons one to six and
PCRMultiplex mastermix (MM; Qiagen) for the rest of the samples. We scored all microsatel-
lite alleles twice with GENEMAPPER version 4.0 (Applied Biosystems) and standardized the
entire dataset using TANDEM [23]. We determined the error rate for microsatellite typing by
regenotyping 5% of samples from seasons one to six (for Ampli-Taq gold) and seasons seven to
ten (for MM) respectively. We also regenotyped 5% of samples from season one to six with
MM to test for consistency between Ampli-Taq Gold and MM. Overall 12% of the samples
were regenotyped.

Parentage assessment
Details of parentage assignment are described elsewhere [21]. In brief, we used Cervus 3.0 to
assign paternities to the pups born over the five-year period [24, 25]. Cervus uses a likelihood-
based method for assigning genetic relationships [24]. We assigned the mothers season-wise,
allowing a 1% error rate and assuming a 90% capture probability. We performed 10,000 simu-
lations to estimate delta values for assignment at 80% and 95% confidence. For paternity analy-
sis we only considered pups whose mother could be assigned at 80% confidence (or higher).
For seasons one to four, we considered all adult males (colony and extra colony males) cap-
tured over the entire five-year study period for paternity analysis. For seasons five and six, we
also considered males born in season one and two as candidate fathers as they were sexually
mature during the mating periods for season five and six. Similarly for seasons seven and eight
males born in season one to four and for seasons nine and ten males born in season one to six
were also considered as candidate fathers alongside all adult males. For paternity analysis, we
carried out 10,000 simulations assuming 70% capture probability and allowing for 1%
error rate.

Recapture data
We tagged individuals with unique color-coded beads (0–9). We tagged only males during sea-
son one and two whereas all individuals captured during seasons three to ten were tagged. We
used four beads to tag adults and three beads for juveniles. The tags weighed about 0.45g. We
threaded the beds together into a necklace and crimped the two ends using a copper wire
spring. We cut the excess wire to avoid any inconvenience to the animals. To avoid any injury
to the bat we ensured that once wound, the necklace could move freely around the bat’s neck.
These tags are known to last at least ten years and are not known to cause any harm to the ani-
mals (SK personal communication). We specifically used these tags to identify recaptures. Ad-
ditionally, we also used genetic data from microsatellite genotyping to identify genetically
recaptured individuals from seasons one and two. We used Cervus 3.0 to identify genetic re-
capture. We allowed upto one mismatch to identify recaptures. We determined the accuracy of
genetic recapture by comparing field data with genetically resampled individuals (n = 52). We
further tested for significant difference between recapture rates of males and females. We per-
formed paired t-test on proportion of males and females recaptured at the colony in each sea-
son to test if there was any significant difference in recapture rates.
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We also conducted demographic analyses using mark-recapture methods in MARK pro-
gram [26]. We analyzed the capture history data using the Schwarz and Arnason [27] parame-
terisation of the Jolly-Seber capture recapture modelling approach. In this approach,
parameters estimated include capture probability at occasion i (pi), survival probability from
occasion i to i+1 (ϕi), the super-population of individuals that are ever present in the sampled
colony (N) and the probability that an individual from the super-population enters the sampled
colony between i and i+1 (bi). Number of net new entrants (Bi) and size of the colony size at
each sampling occasion (Ni) are estimated as derived parameters. For our dataset pi, ϕiand bi
were modelled either as constant, as varying across time, varying by sex or varying by season.
Combinations of these covariates were modelled as having either additive effects or as interact-
ing with each other. N was always estimated separately for each sex. We used Akaike’s Informa-
tion Criterion corrected for sample size AICC [28] to select the best model to describe our data.

Relatedness estimation
We used the program Coancestry [29] to estimate genetic relatedness between individuals. As
relatedness estimates are dependent on the population structure and the quality of genetic
data, we first performed simulations in Coancestry to determine the best relatedness estimator
for our study system. We simulated 100 dyads for each of the following relationships: full-sibs,
half-sibs, first, second cousins and unrelated; and allowed for 1% error in genotyping. To deter-
mine the best estimate, we further calculated the correlation between the true value and the
seven estimates of relatedness implemented in Coancestry.

Long-term residents v/s short-term residents
We concatenated the data across all ten seasons and tested if long-term residents have higher
reproductive success than short-term residents. We performed Wilcoxon rank sum test to in-
vestigate significant differences between long-term and short-term residents, as the data on re-
productive success was not normally distributed. We also performed a correlation between
number of recaptures and the reproductive success of individuals. To control for recapture
rate, we normalized the reproductive success of the long-term residents by the number of re-
captures and again compared the normalized reproductive success of long-term residents to
short-term residents.

We also tested if long-term residents were more related compared to all individuals cap-
tured at the colony. We used a bootstrap approach to compare the relatedness of recaptured in-
dividuals to all individuals. We tested if the probability of obtaining a mean relatedness value
from randomly selected individuals from the colony was greater than mean relatedness of
long-term residents. We also repeated the analysis separately for males and females to test if
there was any sex-specific pattern. All statistical tests were performed in R 2.15.3 [30].

Results
We captured a total of 635 adults across ten seasons including recaptures (Table A in S1 File).
In addition, 177 adults were captured around the main colony of interest (distance varied form
0.27 km to 6.54 km). Capture success varied from 70% to 95% across seasons (Table B in
S1 File). Of the initial ten loci, we could use only eight loci for paternity analyses (see [21]). We
genotyped 762 individuals. The average polymorphic information content (PIC) for these
markers was 0.7, and the error for assigning first parent based on allele frequency analysis was
1 in 50 while error in assigning the second parent, knowing the first was 1 in 1000. The number
of alleles, heterozygosity and PIC for each locus is listed in Table C in S1 File. The overall error
rate estimated from regenotyping was 0.005 (Table D in S1 File). While testing the accuracy of
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the genetic data for recaptures, we observed that out of 52 samples, two samples showed dis-
agreement between genetic assignment and tag-based assignment. We discarded these two in-
dividuals from further analyses. We could assign mothers to 91% of the pups and subsequently
fathers could be assigned to 181 of these pups (71%). We recaptured 41 males and 69 females
at least once during the study period (Table 1). Overall the recapture rates increased with time
(Table 2). Males had a significantly higher tendency to be recaptured in the colony than fe-
males (paired t-test, p value = 0.035, Tables 1 and 2).

We observed that based on the AICc criterion the best model for demographic analyses was
the one where survival probability varied over time, capture probability was constant and prob-
ability of entry was influenced by an interaction of sex and time {phi(t),p(.),pent(s�t),N(s)}, with
ΔAIC values of other models being>10. In this model, estimated capture probability (mean
(SE)) was 0.366 (0.027) and did not differ between males and females. Survival probability ran-
ged from 0.654 to 1 depending on the sampling occasion. The male super-population was
smaller (43.69 (2.81)) than that of the females (76.9 (3.95)). The probability of the entry of
both males and females into the colony was zero in the wet season, but not in the dry season,
suggesting that recruitment into the study population occurred primarily in the intervals span-
ning the wet season. The model did not find a consistent trend in male versus female
entry probabilities.

The overall reproductive success of long-term residents (males and females) was significant-
ly higher than short-term residents (p value males = 0.002; p value females< 0.001, Fig. 1).
The reproductive success of long-term resident males was twice than that of short-term resi-
dents (mean reproductive success of long-term resident males = 1.8, mean reproductive success
of short-term residents = 0.75). This effect was magnified for females, and long-term resident
females (mean reproductive success = 1.46) were three times more successful than short-term
resident females (mean reproductive success = 0.46). The correlation between the number of
times an individual was recaptured and the overall reproductive success was highly significant
for females (p value< 0.001, adjusted R2 = 0.35) and was also significant for males, though

Table 1. Total number of adult long-term and short-term residents at the colony.

Long-term residents Short-term residents

Males 41 72

Females 69 108

doi:10.1371/journal.pone.0122180.t001

Table 2. Season-wise proportion of individuals recaptured.

Season No. of individuals recaptured Proportion of individuals
recaptured

Male Female Male Female

S2 6 10 0.43 0.36

S3 6 11 0.60 0.37

S4 11 15 0.61 0.56

S5 6 21 0.60 0.49

S6 6 13 0.46 0.62

S7 7 12 0.78 0.44

S8 9 12 0.82 0.57

S9 6 10 0.75 0.56

S10 8 12 0.62 0.55

doi:10.1371/journal.pone.0122180.t002
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with very low R2 (p value = 0.033, adjusted R2 = 0.09, Fig. 2). The normalized reproductive suc-
cess of the long-term residents was still significantly higher than that of the short-term resi-
dents (p value males = 0.03; p value females< 0.001).

Based on the simulations we observed that the dyadic ML relatedness estimates had the
highest correlation with the true value, followed by the Trio ML estimates (Table E in S1 File).
Hence we used dyadic ML estimates for all the analysis. We observed that the adults in the
colony were positively related (Fig. 3). Further, the overall relatedness of the long-term resi-
dents was significantly higher than the average relatedness of all individuals in the colony
(p value< 0.001; Fig. 3a; Table 3). Long-term resident females were significantly related com-
pared to colony females (p value = 0.001; Fig. 3b; Table 3), whereas relatedness of long-term
resident males from other males in the colony did not differ significantly (p value = 0.22;
Fig. 3c; Table 3). We also observed that long-term resident males and females were more relat-
ed than any random male-female pair (p value< 0.001; Fig. 3d; Table 2).

Fig 1. Distribution of reproductive success of long-term and short-term resident a) females and b) males.

doi:10.1371/journal.pone.0122180.g001

Fig 2. Correlation between recapture rate and over all reproductive success for a) females and b) males.

doi:10.1371/journal.pone.0122180.g002
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Discussion
We examined the evolutionary benefits of group membership for males and females using
long-term genetic and behavioral data in a flexible and gregarious society of fruit bats. Individ-
uals at the colony were tagged, and data on recapture was used to differentiate between long-
term and short-term residents at the colony. This framework allowed us to differentiate be-
tween the benefits that males and females might obtain for maintaining long-term bonds and
being a stable part of the colony.

Difference in male and female residence strategies
We recaptured approximately 57% of the individuals at the colony. Similar to prior reports on
male fidelity [17, 21], males in this colony remain significantly more loyal to the colony than fe-
males (Tables 1 and 2). In terms of the benefits accrued from a prolonged association with the
colony, our observations reveal that while males in our study colony only gain reproductive ben-
efits (Fig. 1b), females gain both reproductive benefits as well as possible kin-benefits (Figs. 1a
and 3b). Because females possibly gain more benefits than males, it can be expected that they
should be more loyal to the colony and therefore show a higher rate of recapture. However, we
observe quite the opposite. One possible reason for this disconnect may be the fact that most

Fig 3. Modified boxplots depicting the simulated and observed relatedness of recaptured a) adults, b) females, c) males and d) males-females. The
box depicts the 25th and 75th quartiles, the solid line is the median and the whiskers are the 2.5% and 97.5% percentiles.

doi:10.1371/journal.pone.0122180.g003

Table 3. Bootstrap test to investigate the relatedness of recaptured individuals to the colony.

Sl. No. X Number of pairs in X Y Number of pairs in Y p value

1 Recaptured individuals 6,216 All individuals 45,753 < 0.001

2 Recaptured females 2,485 All females 18,721 0.003

3 Recaptured males 820 All males 5,886 0.16

4. Recaptured males and females 2,911 Male and female pairs 21,146 < 0.001

doi:10.1371/journal.pone.0122180.t003
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females are assured of reproductive success each season; whereas approximately 50% of the
males are unsuccessful (based on five year parentage data). Thus from the perspective of males,
merely the possibility of reproductive benefit might promote higher chance of being a long-term
resident within the colony. Further, males’ invest more in constructing and protecting tents from
other males. Their investment in maintaining harem and colony is higher than females [17].

The mark-recapture based models imply that there is no differences in capture probability
between males and females, suggesting the observed difference in the recapture rates are unbi-
ased. Unfortunately, apart from capture probability, the demographic parameters estimates
and the predictions made based on reproductive success estimates are not comparable. Future
studies where sampling is explicitly designed to link these types of data might yield more
comprehensive insights.

Long-term residents gain more reproductive benefits
Both long-term resident males and females in our colony gained direct benefits of group living
in terms of higher reproductive success compared to short-term residents (Fig. 1). The repro-
ductive success normalized for recapture rate was still greater than the reproductive success of
short-term residents, indicating that colony fidelity might be an effective strategy that guaran-
tees successful mating opportunities at least within the colony, reiterating our previous obser-
vations [21]. Similar results were observed in lesser flat-headed bats where resident males
higher reproductive success compared to solitary or bachelor males [31]. Females in this spe-
cies form matrilines in bamboo stems and males may remain associated with females (resi-
dents) or form bachelor groups or remain solitary. Solitary or bachelor group males obtain
only few paternities within the social unit compared to resident males, suggesting the impor-
tance of maintaining social bonds and site fidelity [31].

It is interesting to note the difference in correlation strength between sexes for reproductive
success as a function of recapture rate (Fig. 2). Prolonged stay at the colony may not provide
additional benefits to males’ but assures higher reproductive success to females. Most females
in C. sphinx reproduce and within season variance in female reproductive success is low [17,
21]. This implies that being a stable part of the colony provides females with a stable space to
access males and successfully breed and these colonies might provide the females with opportu-
nity for mate choice. However these results should be interpreted with caution as recapture
rate might contribute in inflating the results (Fig. 2a). Actual information on time spent in the
colony (for example, obtaining recapture data using PIT tags) and correlation with reproduc-
tive success might provide a clearer picture on relationship between duration of colony mem-
bership and reproductive success.

We recognize that, while individuals can be unambiguously categorized as long-term resi-
dents if captured twice or more, individuals captured once may include a mixture of true short-
term residents (by definition, these cannot be captured again) and some unknown proportion
of long-term residents (present for two or more seasons but did not happen to get recaptured).
However, it has to be noted that the effect of such a mixture within the group categorized as
short-term residents would make our estimated difference in reproductive success a conserva-
tive one (both in terms of a smaller estimated difference as well as a larger P-value associated
with the test statistic), as having such a mixture would bring the mean value of the 'short-term'
resident group closer to the long-term resident mean.

Long-term residents gain indirect kin benefits
Our observations suggest that relatedness between long-term residents was significantly higher
than average colony relatedness (average relatedness of individuals at the colony varied from
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0.12 to 0.15 across seasons (Table E in S1 File)), indicating that the social system of C. sphinx
might be kin-based (Fig. 3). It seems that within our study colony relatedness may play an im-
portant in the structuring of the social organization, especially for females. Although the relat-
edness among long-term resident females is not very high (mean = 0.14; Fig. 3b), it was
significantly different from randomly picked females. In many primates, cetaceans and carni-
vores, relatedness is an important factor to maintain long-term associations, especially for
females [32]. Related females obtain both inclusive fitness benefits and benefits from maintain-
ing such long-term coalitions [16]. Female baboons are known to invest heavily in maintaining
these bonds even during poor resource conditions, indicating the importance of these bonds
[16]. Similarly in many bats (Rhinolophus ferrumequinum,Myotis bechsteinii, Plecotus auritus,
Myotis septentrionalis) related females group to form nursery colonies [33]. These bonds may
help females during pregnancy and lactation [33, 34]. Presence of related females within our
colony may provide the raw materials for possible kin selection. Presence of related females in
the colony is in contrast to earlier short-term studies on C. sphinx [22, 35].

Interestingly, relatedness could not explain male loyalty to the colony (Fig. 3c, Table 2)
whereas reproductive benefits could. It is possible that relatedness does not play an important
role in social organization for males of C. sphinx, as they do not form coalitions to defend the
roost like in other harem forming bats (for example, in Artibeus jamaicensis, related males de-
fend larger harems and share paternity and such coalition effectively reduce the chances of
extra-harem paternity, [36]) and other mammals (for example Lions [37] and Chimpanzee
[15, 38]). It is possible that unrelated males provide females with more options for mate choice
[22]. However, we cannot rule out indirect kin benefits that males may obtain by being related
to females (Fig. 3d). Similar to Chattopadhyay et al., [22] we observed significant relatedness
between long-term resident males and females (Fig. 3d), emphasizing the importance of kin-
ship in social organization in C. sphinx. Similar relatedness patterns were also observed in
Indo-Pacific bottlenose dolphins [39], wherein females were related to other females and
males within a group but males were unrelated to each other. The authors hypothesized that
reduced risk of infanticide and harassment, group defense and cooperative foraging might be
the possible reasons for such relatedness patterns. While some or all these possibilities might
as well be true to our study system, further long term studies incorporating extensive behavior-
al observations alongside genetic and demographic data may address these questions to a
greater detail.

Conclusion
Based on our study we conclude that the colony is the main social unit in C. sphinx. By main-
taining colonies individuals obtain reproductive benefits and possible kin benefits. Overall, our
study highlights the importance of differentiating the benefits of sociality obtained by each sex.
Males obtain direct reproductive benefits while females appear to obtain both direct reproduc-
tive and possible indirect kin benefits of group living. We also observe difference in strategies
employed by males and females. Significantly higher proportion of males stay back in the colo-
ny compared to females indicating a potentially higher reward of ‘long-term resident’ strategy
for males. Further work is required to determine the benefits obtained by short-term residents
at the colony.
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this study. Table D, Genotyping error rate. Table E, Correlation between true relatedness values

Benefits of Group Membership inCynopterus sphinx

PLOSONE | DOI:10.1371/journal.pone.0122180 March 20, 2015 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122180.s001


and various methods to estimate relatedness. Table F, Average relatedness between adults in
the colony.
(DOC)

S2 File. Details on the age, sex, and location of captured individuals along with the micro-
satellite genotypes used for the parentage analysis.
(XLS)

Acknowledgments
We are grateful to Devcharan Janthanna for the mark-recapture analyses and to Kavita Isvaran
her inputs on all analyses. We thank the reviewers and VV Robin for their comments on the
earlier version of the manuscript. We also thank Dhanabalan and Sivarajan for their support in
the field.

Author Contributions
Conceived and designed the experiments: KMG BC UR. Performed the experiments: KMG BC
DPSD AKVK SK. Analyzed the data: KMG BC. Contributed reagents/materials/analysis tools:
KMG BC UR. Wrote the paper: KMG BC UR.

References
1. Kappeler PM, van Schaik CP. Evolution of primate social systems. Int J Primatol. 2002; 23: 707–740.

2. Whitehead H. Analyzing animal societies: quantitative methods for vertebrate social analysis. Universi-
ty of Chicago Press; 2008.

3. Clutton-Brock T. Cooperation between non-kin in animal societies. Nature. 2009; 462: 51–57. doi: 10.
1038/nature08366 PMID: 19890322

4. Krause J, Lusseau D, James R. Animal social networks: an introduction. Behav Ecol Sociobiol. 2009;
63: 967–973.

5. Krause J, Ruxton GD. Living in groups. Oxford University Press; 2002.

6. Krebs JR, Davies NB. An introduction to behavioural ecology. JohnWiley & Sons; 1993.

7. Barnard CJ. Animal behaviour: mechanism, development, function and evolution. Pearson Education;
2004.

8. Black JM. Fitness consequences of long-term pair bonds in barnacle geese: monogamy in the extreme.
Behav Ecol. 2001; 12: 640–645.

9. Voigt CC, StreichWJ. Queuing for harem access in colonies of the greater sac-winged bat. Anim
Behav. 2003; 65: 149–156.

10. Emlen ST, Oring LW. Ecology, sexual selection, and the evolution of mating systems. Science. 1977;
197: 215–223. PMID: 327542

11. Schülke O, Bhagavatula J, Vigilant L, Ostner J. Social bonds enhance reproductive success in male
macaques. Curr Biol. 2010; 20: 2207–2210. doi: 10.1016/j.cub.2010.10.058 PMID: 21093261

12. Cameron EZ, Setsaas TH, Linklater WL. Social bonds between unrelated females increase reproduc-
tive success in feral horses. PNAS. 2009; 106: 13850–13853. doi: 10.1073/pnas.0900639106 PMID:
19667179

13. Clutton-Brock T. Breeding together: kin selection and mutualism in cooperative vertebrates. Science.
2002; 296: 69–72. PMID: 11935014

14. Hatchwell BJ. Cryptic Kin Selection: Kin Structure in Vertebrate Populations and Opportunities for Kin-
Directed Cooperation. Ethol. 2010; 116: 203–216.

15. Langergraber KE, Mitani JC, Vigilant L. The limited impact of kinship on cooperation in wild chimpan-
zees. PNAS. 2007; 104: 7786–7790. PMID: 17456600

16. Silk JB. Social components of fitness in primate groups. Science. 2007; 317: 1347–1351. PMID:
17823344

17. Storz JF, Bhat HR, Kunz TH. Social structure of a polygynous tent-making bat, Cynopterus sphinx
(Megachiroptera). J Zool. 2000; 251: 151–165.

Benefits of Group Membership inCynopterus sphinx

PLOSONE | DOI:10.1371/journal.pone.0122180 March 20, 2015 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122180.s002
http://dx.doi.org/10.1038/nature08366
http://dx.doi.org/10.1038/nature08366
http://www.ncbi.nlm.nih.gov/pubmed/19890322
http://www.ncbi.nlm.nih.gov/pubmed/327542
http://dx.doi.org/10.1016/j.cub.2010.10.058
http://www.ncbi.nlm.nih.gov/pubmed/21093261
http://dx.doi.org/10.1073/pnas.0900639106
http://www.ncbi.nlm.nih.gov/pubmed/19667179
http://www.ncbi.nlm.nih.gov/pubmed/11935014
http://www.ncbi.nlm.nih.gov/pubmed/17456600
http://www.ncbi.nlm.nih.gov/pubmed/17823344


18. Campbell P. The relationship between roosting ecology and degree of polygyny in harem-forming bats:
perspectives from Cynopterus. J Mammal. 2008; 89: 1351–1359.

19. Sandhu S. Breeding biology of the Indian fruit bat, Cynopterus sphinx (Vahl) in central India. J Bombay
Nat Hist Soc. 1984; 81: 600–612.

20. Storz JF, Kunz TH. Cynopterus sphinx. MammSpecies. 1999; 613: 1–8.

21. Garg KM, Chattopadhyay B, Swami Doss PD, Kumar Vinoth A, Kandula S, Ramakrishnana U. Promis-
cuous mating in the harem-roosting fruit bat, Cynopterus sphinx. Mol Ecol. 2012; 21: 4093–4105. doi:
10.1111/j.1365-294X.2012.05665.x PMID: 22725709

22. Chattopadhyay B, Garg KM, Doss PS, Ramakrishnan U, Kandula S. Molecular genetic perspective of
group-living in a polygynous fruit bat,Cynopterus sphinx. Mamm Biol. 2011; 76: 290–294.

23. Matschiner M, Salzburger W. TANDEM: integrating automated allele binning into genetics and geno-
mics workflows. Bioinformatics. 2009; 25: 1982–1983. doi: 10.1093/bioinformatics/btp303 PMID:
19420055

24. Kalinowski ST, Taper ML. Marshall TC. Revising how the computer program CERVUS accommodates
genotyping error increases success in paternity assignment. Mol Ecol. 2007; 16: 1099–1106. PMID:
17305863

25. Marshall T, Slate J, Kruuk L, Pemberton J. Statistical confidence for likelihood-based paternity infer-
ence in natural populations. Mol. Ecol. 1998; 7: 639–655. PMID: 9633105

26. White GC, Burnham KP. ProgramMARK: survival estimation from populations of marked animals. Bird
study. 1999; 46: S120–S139.

27. Schwarz CJ, Arnason AN. A general methodology for the analysis of capture-recapture experiments in
open populations. Biometrics. 1996; 860–873.

28. Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-
theoretic approach. Springer; 2002.

29. Wang J. COANCESTRY: a program for simulating, estimating and analysing relatedness and inbreed-
ing coefficients. Mol Ecol Res. 2011; 11: 141–145. doi: 10.1111/j.1755-0998.2010.02885.x PMID:
21429111

30. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2013. doi: 10.3758/s13428-013-0330-5 PMID: 23519455

31. Hua P, Zhang L, Zhu G, Jones G, Zhang S, Rossiter SJ. Hierarchical polygyny in multiparous lesser
flat-headed bats. Mol Ecol. 2011; 20: 3669–3680. doi: 10.1111/j.1365-294X.2011.05192.x PMID:
21824210

32. Dunbar RIM, Shultz S. Bondedness and sociality. Behaviour. 2010; 147: 775–803.

33. Kerth G. Causes and consequences of sociality in bats. Bioscience 2008; 58: 737–746.

34. Kerth G, Van Schaik J. Causes and consequences of living in closed societies: lessons from a long-
term socio-genetic study on Bechstein's bats. Mol Ecol. 2012; 21: 633–646. doi: 10.1111/j.1365-294X.
2011.05233.x PMID: 21883583

35. Storz JF, Bhat HR, Kunz TH. Genetic consequences of polygyny and social structure in an Indian fruit
bat, Cynopterus sphinx. I. Inbreeding, outbreeding, and population subdivision. Evolution. 2001; 55:
1215–1223. PMID: 11475057

36. Ortega J, Maldonado JE, Wilkinson GS, Arita HcT, Fleischer RC. Male dominance, paternity, and relat-
edness in the Jamaican fruit-eating bat (Artibeus jamaicensis). Mol Ecol. 2003; 12: 2409–2415. PMID:
12919478

37. Packer C, Pusey AE. Cooperation and competition within coalitions of male lions: kin selection or game
theory? Nature. 1982; 296: 740–742.

38. Morin PA, Moore JJ, Chakraborty R, Jin L, Goodall J, Woodruff DS. Kin selection, social structure, gene
flow, and the evolution of chimpanzees. Science. 1994; 265: 1193–1201. PMID: 7915048

39. Wiszniewski J, Lusseau D, Möller LM. Female bisexual kinship ties maintain social cohesion in a dol-
phin network. Ani Behav. 2010; 80: 895–904.

Benefits of Group Membership inCynopterus sphinx

PLOSONE | DOI:10.1371/journal.pone.0122180 March 20, 2015 12 / 12

http://dx.doi.org/10.1111/j.1365-294X.2012.05665.x
http://www.ncbi.nlm.nih.gov/pubmed/22725709
http://dx.doi.org/10.1093/bioinformatics/btp303
http://www.ncbi.nlm.nih.gov/pubmed/19420055
http://www.ncbi.nlm.nih.gov/pubmed/17305863
http://www.ncbi.nlm.nih.gov/pubmed/9633105
http://dx.doi.org/10.1111/j.1755-0998.2010.02885.x
http://www.ncbi.nlm.nih.gov/pubmed/21429111
http://dx.doi.org/10.3758/s13428-013-0330-5
http://www.ncbi.nlm.nih.gov/pubmed/23519455
http://dx.doi.org/10.1111/j.1365-294X.2011.05192.x
http://www.ncbi.nlm.nih.gov/pubmed/21824210
http://dx.doi.org/10.1111/j.1365-294X.2011.05233.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05233.x
http://www.ncbi.nlm.nih.gov/pubmed/21883583
http://www.ncbi.nlm.nih.gov/pubmed/11475057
http://www.ncbi.nlm.nih.gov/pubmed/12919478
http://www.ncbi.nlm.nih.gov/pubmed/7915048

